Abstract The mechanism of depressant effects of Ca2+ on the acetylcholine (ACh)-activated ion channel conductance was studied in frog muscle fibers. Increasing the extracellular Ca2+ ((Ca2+)o) suppressed the increase in the end-plate conductance induced by iontophoretic application of ACh and shifted the reversal potential for a neurallyinduced end-plate current to a more negative value. The single channel conductance obtained by current fluctuation analysis was reduced at a high (Ca2+)o. The decay phase of a neurally-induced end-plate current was slightly prolonged at a high (Ca2+)o (18 mM), while that of miniature end-plate current and the open time of the end-plate channel measured by noise analysis remained unchanged under the same condition. The Hill coefficient and apparent dissociation constant as measured by quantitative iontophoresis of ACh and comparison of the end-plate response with a theoretical model were not affected by raising (Ca2+)o, while the maximum conductance increase was suppressed. These results suggest that the depressant effect of Ca2+ on the end-plate channel is not due to the effects on surface charges of the membrane, affinity of ACh to the ACh-receptor or binding to intrachannel sites, but presumably arises from the effect on another site involved in the regulation of ion permeation of the receptor-channel complex.
sensitization at the end-plate membrane (MANTHEY, 1966; NASTUK and PARSONS, 1970; MAGAZANIK and VYSKOCIL, 1970) . Biochemical studies have indicated that Ca2+ can bind to the isolated ACh-receptor (CHANG and NEUMANN, 1976) and phosphorylate it through activation of calmodulin (SMILOwITz et al., 1981) . These findings suggest a regulatory role of Ca2+ in the activation of the ACh receptor-ion channel complex at the frog end-plate membrane during physiological synaptic transmission.
It has been shown that an increase in the external Ca2+ reduces the conductance of the end-plate channel, while it alters the lifetime of the channel (CoHEN and VAN DER KLOOT, 1978; LEWIS,1979; BREGESTOVSKI et a!., 1979; TAKEDA et al., 1982; MAGLEBY and WEINSTOCK, 1980) . However, there have been conflicting results in regard to the effect on the channel lifetime. Moreover, several different mechanisms have been proposed for the mechanism of the Ca2+ action. In this study, we have further investigated the mechanism of Ca2+ action on the endplate conductance in frog muscle fibers by measuring various kinetic parameters of the ACh receptor-channel complex. A part of the results has been published in an abstract (KUBA and TAKESHITA, 1981) .
METHODS
In most experiments, the sciatic nerve-sartorius muscle preparation of the frog (Rang nigromaculata) was studied. It was isolated and placed in a conventional chamber with visualization under the binocular microscope. In experiments measuring the quantitative dose-response curve of the end-plate membrane, the cutaneous pectoris muscle was employed and viewed under Nomarski optics (Karl Zeiss; objective, UD achromat 40 x, magnification under the present usage ca. 26 x). For the measurement of the reversal potential of end-plate currents, the muscle contraction was blocked by the treatment of the sartorius muscle with glycerol (400 mM) for 1 hr and a subsequent wash with normal Ringer solution (GAGE and EISENBERG, 1967) .
The normal Ringer had the following composition; NaCI 115.5, KCl 2.0, CaC121.8, Na2HP041.3, and NaH2P04 0.7 (in mM). When the extracellular Ca2+ concentration ((Ca2+)o) was altered (0.45-7.2 mM) at the initial stage of experiments (especially those using a normal muscle), the concentration of Na+ was adjusted to maintain the tonicity. Changes in the equilibrium potential for Na+ expected from this procedure are less than 0.7-2.9 mV. In later experiments using glycerol-treated muscles, the tonicity was adjusted using an appropriate amount of sucrose, while keeping the NaCI concentration constant (91.2 or 108.0 mM).
The end-plate region was conventionally voltage-clamped with two intracellular microelectrodes (TAKEUCHI and TAKEUCHI, 1959; KUBA et al., 1976) . Voltage electrodes were filled with 3 M KCl and had tip resistances of 10-30 M2.
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Current electrodes were filled with 2 M K3-citrate (or 3 M KC1) and had tip resistances of 2-20 MS2. ACh was applied iontophoretically with a third pipette containing ACh-Cl (2 M; tip resistance 70-200 MSS). Noise analysis. End-plate current fluctuations induced by continuous iontophoresis of ACh were recorded on a FM tape recorder (SONY, DFR 3515W; 0-5,000 Hz). One channel was used for recording the current at a high gain (AC coupled; time constant, 2 sec) and another for recording the current at a low gain (DC coupled). The former current was fed into a MINC-11 computer (DEC, 11/03) through high pass and low pass Butterworth active filters (Burr Brown, UAF; band width 0.38-1,400 or -1,900 Hz, 20 dB/octave) and digitalized into ten blocks of 256, 512, or 1,024 points at 1,024 or 2,048 Hz sampling rate. Samples were rejected if they contained miniature end-plate currents or artifacts due to external interferences. The fast Fourier transform was carried out for each segment yielding the two sided spectral densities, one side of which was averaged point by point. The average power spectrum in the absence of ACh was subtracted from that in the presence of ACh. The method of noise data analysis was based on the model and theory presented by ANDERSON and STEVENS (1973) . The net spectral density function (S(f )) was fitted by eye and later by least-squares fitting with the Lorentzian function
where S(O) is the zero frequency amplitude and f. is the cut-off frequency. The cut-off frequency yielded the mean lifetime of the channel (1/2nfC=?N). The single channel conductance was calculated by two methods. The first method was to divide the variance of the end-plate current fluctuations by the mean current (rl). The second method used the equation,
where the Im is the mean end-plate current, Veq and Vm are the equilibrium potential and membrane potential, respectively. Veq at normal and high (Ca)0 were taken from separate experiments. Since these two methods provided similar values, only the former method was used in most experiments and either or the average of r' and 12 was simply designated as r.
Measurements of various kinetic parameters for ACh responses. Various kinetic parameters for the interaction of ACh and its receptor under equilibrium were obtained by the method developed by DREYER and PEPER (1975) . This method is based on the equations for point source diffusion and cooperative interaction of ACh with ACh receptors, and on quantitative iontophoresis of ACh with the dimension of the end-plate area and the distance between the end-plate membrane and an ACh-pipette known. The composition of the time course of an ACh-induced current with theoretical ones and comparison of a dose-peak amplitude relationship with theoretical ones yielded various kinetic parameters under equilibrium. This method is superior to a dose-response curve obtained by bath application of ACh or the simple analysis of a dose-response curve with iontophoresis of ACh (see DREYER et al., 1978) . The theory PEPER et al., 1975) and its application in the present analysis are shortly described below.
If the tip of an ACh pipette is located at the position perpendicular to the end of the nerve terminal with a distance, z, the integral equation describing the time course of the end-plate current (or the conductance change) induced by iontophoresis of ACh (ACh-induced current; gAch) would be as described by DREYER and PEPER (1975) ,
0 where gmax is the maximal response, K is the overall dissociation constant for the reaction between ACh and the ACh-receptor channel complex, the Hill coefficient, k is transport number of ACh in the pipette, Q is charge passed through the pipette, F is Faraday constant, D is diffusion coefficient, l is the length of the endplate, and x is taken as the distance along the long axis of the end-plate from the end of the nerve terminal. The following two equations were derived from Eq. (3) for a response induced by a small dose of ACh PEPER et al., 1976) .
which describes the relationship between z and the time to peak (T) of the AChinduced current (conductance change), and fitted well with the experimental relationship .
which is the normalized time course of the conductance change expressed only by (T/t) and n, where gpeak is the peak conductance change.
The procedure of the analysis is as follows. First, the Hill coefficient (n) was determined by comparison of the normalized time course of a small AChinduced current with theoretical ones computed with Eq. (5) for various n and the value thus obtained was designated as nT. Second, the distance (z) between the tip of an ACh-pipette and the end of the nerve terminal was estimated by Eq. (4). Although z was measured under the microscope in several experiments, the method using Eq. (4) was thought to be more reliable than actual measurements within the limitation of the technique. Third, placing values for n (nT) and Q in Eq. (3) with assumption of k=0.25 and D=11.9 x 10_ 6 cm2 sec-1 (see DREYER et al., 1978) , and integrating it numerically using a computer (YHP-21 MX), theoretical time courses of ACh-induced current (conductance changes) for various K were obtained. In this computation, l was initially assumed equal to 100 µm, which is more than 5 times longer than z so that l would be effectively infinitive (see DREYER et al., 1978) , and in later experiments l was directly measured under the microscope. Comparison of the time course of the experimental current with theoretical ones provided values for K (KT).
Finally, theoretical relationships between the quantity of charge (Q) passed through an ACh pipette and a peak conductance change were computed using Eq. (3) for various n with appropriate values for K and gmax and plotted in double logarithmic scales. Then an experimentally obtained relationship was fitted to a family of theoretical ones. First, the slope of a linear part of the curve at smaller doses was fitted, yielding the n value (fD), and then the experimental relationship was shifted along X and V -axes, giving the values for gmax and K (KD) from the shifts along the respective axes.
Only ACh-induced currents, whose time course fit well with theoretical ones were taken as data. In a considerable number of experiments, the fitting was not so good, partly because a relatively short distance between the tip of an AChpipette and the end-plate was taken (cf. DREYER et al., 1978) . Nevertheless, in the rest of experiments (6 out of 11 cells), KT well agreed with KD.
RESULTS

End plate conductance at various Ca2+ concentrations
When the time course of a membrane current induced by iontophoretic application of ACh at the end-plate membrane (ACh-induced current) was short enough (say peak time less than 15 msec; see Fig. 5 -1(A) of KUBA (1979): cf. DIONNE and STEVENS, 1975) , the relationship between the peak amplitude of ACh-induced current and membrane potential was linear (see Fig. 5-1(B) of . Thus, the slope of such a relationship yielded the conductance increase (gAch) to a given amount of ACh. In normal muscle fibers (not glycerol-treated), increasing the extracellular (Ca2+)o from normal 1.8 to 7.2 mM reduced the gAch by 28 0/0 (±6.5, S.E., n=7) of the control, as found previously (TAKEUCHI, 1963; LAMBERT and PARSONS, 1970) , while lowering (Ca2+)o to 0.45 mM raised the gAch, but a further reduction caused a small decrease from the value at 0.45 mM, albeit not statistically significant. A similar depression of gAch at a high (Ca2+)o was also seen in the glycerol-treated muscle fibers. The amplitude of miniature end-plate current (m.e.p.c.) was reduced to 61 % (±0.8 %, n=320), when (Ca2+)o was raised 4 times, supporting the above results.
Selectivity of the end plate channel
Since the original finding of a negative shift of the reversal potential at an increased (Ca2+)o, e.g. a shift of about 5 mV at 18 mM (TAKEUCHI, 1963) , there have been some variabilities among observations. Both negative MAGLEBY and WEINSTOCK, 1980) and positive (LEwis, 1979) shifts were found by measuring directly the reversal of end-plate responses.
When (Ca?+)o was increased from 1.8 to 18 mM with a constant extracellular Na+ concentration, the reversal potential of a nerve-induced end-plate current of the glycerol treated fiber shifted to a more negative value by 4.0 mV (±0.9, n=8) in many cells, although three cells showed lack of a change or positive shift. This indicates a significant reduction in the ratio of the Na+ conductance to K+ conductance (GNa/GK). If an increased passage of Ca2+ under this condition is granted for, the real decrease in GNa/GK would be greater than the observed value. Fig. 1 . Effects of high (Ca2+)o on the conductance and lifetime of end-plate channels obtained by noise analysis. A, relationships between the single channel current and membrane potential. B, relationships between the time constant of opened channel and membrane potential, obtained from the cut-off frequencies of power spectra shown in C. Open and closed circles are elementary current amplitudes and time constants obtained at 1.8 and 18 mNi (Ca2+)o, respectively, obtained from a single end-plate.
C, power spectra of the end-plate current fluctuations at -130 mV at 1.8 and 18 mM (Ca2+)o. Each data is the average of ten spectra. Arrows indicate cut-off frequencies.
Temperature, l0°C.
Single channel conductance The analysis of end-plate current fluctuations induced by continuous iontophoresis of ACh provided the elementary current of the end-plate membrane (KATz and MILEDI, 1972; ANDERSON and STEVENS, 1973) . The slope of the line relating the elementary current to membrane potential gave the single channel conductance (r : Fig. 1 ). When (Ca2+)o was increased from 1.8 to 18 mM, r was decreased from the normal value of 18.2±1.2 pS (n=11) to 11.7±0.7 pS (n=11) at 20°C and from 11.5±0.6 pS (n=16) to 7.6±0.6 pS (n=16) at 6-10°C. A rather smaller value of r, under control conditions could be due to a lowered Na+ concentration (91.2 mM : cf. LEWIS, 1979) under these experimental conditions.
Lifetime of the end plate channel
The decay phase of an end-plate current (e.p.c.) induced by nerve stimulation was slightly increased by raising the (Ca2+)o to 18 mM without a change in the voltage sensitivity (Fig. 2A) . The increase in the half decay time of a m.e.p.c. and its voltage sensitivity remained unchanged in a high Ca2+ solution (Fig. 2B) . The half decay time at 18 mM (Ca2+)o was 97.4% (± 14.5, n=320) of that at 1.8 mM. Furthermore, the cut-off frequency of the power spectral density of endplate current fluctuations was not affected by raising (Ca2+)o by 10 times (Fig.  1C) . The slope of the logarithm of (z=1/2zrfe) versus membrane potential was also unchanged (Fig. 1B) . Thus, an increased (Ca2+)o altered neither the life time of opened end-plate channel nor its voltage sensitivity. The slight increase in the e.p.c. decay phase might be due to the increased output of ACh from the nerve terminal (but see KUBA and NIsHI (1979) for the bullfrog sympathetic ganglion cell). This lack of a change in the channel life time differs from the results reported for other preparations (CoHEN and VAN DER KLOOT, 1978; KUBA and NISHI, 1979; MAGLEBY and WEINSTOCK, 1980; TAKEDA et al., 1982) .
Kinetic parameters of ACh receptors under equilibrium First, the Hill coefficient (n) was measured by comparison of a small AChinduced current with theoretical ones computed using Eq. (5) for various n values (nT). Figure 3 shows the time course of theoretical (continuous curves) and experimental (closed circles) ACh-induced currents at normal and high (Ca2+)o. Best fittings were obtained, when nT was assumed to be 2.3 for 1.8 mM (Ca2+)o and 2.1 for 7.2 mM. These values did not differ significantly. Placing these nT values into the full integral equation (3), theoretical time course of ACh-induced currents evoked by large doses of ACh were calculated for various K values. Comparison of these theoretical time courses with an experimentally-obtained ACh-induced current for a large dose of ACh yielded K values (KT) as shown in Fig. 4 . The best fitted values were 15.9 ,uM at 1.8 mM (Ca2+)o and 16.7 uM at 7.2 mM. these relationships provided values of n (nD), K (KD), and gmax. They were estimated simply by shifting the experimental relationship in both X and Y-axes (see METHODS). When (Ca2+)o was increased, the gmax was significantly decreased, while nD and KD remained unchanged. Table 1 summarizes the effects of a high (Ca2+)o on various kinetic parameters of ACh receptors. The n and K measured by two different methods are similar and were not affected by increasing (Ca2+)o. The only parameter which was affected by (Ca2+)o was gmax• It was reduced by 22% at 7.2 mM (Ca2+)o and by 32 at 18 mM.
DISCUSSION
The mode of Ca2+ actions. The present experiments disclosed that the depressant effect of an increased (Ca2+)o on the end-plate membrane conductance is due to a decrease (18 mM; 32 %) in the maximum conductance increase without alterations in the overall dissociation constant and Hill coefficient. These effects must be the result of a comparable decrease (35 %) in the single channel conductance. Under such a condition, the passage of Na+ appears to be hindered more than that of K+ as revealed by a negative shift of Veq. The lack of a change in the life time of opened ion channel (as evidenced by the unchanged decay constant of m.e.p.c. and the cut-off frequency of power spectral density) at a high (Ca2+)a is consistent with the unaltered dissociation constant, since the latter consists of the binding affinity of ACh to the ACh receptor channel complex as well as the rates of its conformational change.
The unchanged channel lifetime at an increased (Ca2+)o observed in the present study differs from the observations made by other investigators on other preparations. A significant increase in the decay constant of m.e.p.c. was seen in the other species (Rang pipiens) of frogs (COHEN and VAN DER KLOOT, 1978) and in toads (TAKEDA et al., 1982) , whereas a reduced decay phase of m.e.p.c. was reported for the former (Rana pipiens : MAGLEBY and WEINSTOCK, 1980) or Vol. 33, No. 6, 1983 another species of the frog (Rana temporaria : BREGESTOVSKI et al., 1979) . Furthermore, in the bullfrog sympathetic ganglion cell, Cat prolonged the decay phase of the fast excitatory postsynaptic current, whose generation mechanism resemble end-plate currents in many respects (KUBA and NISHI, 1979) . While the apparent reason appears to be species difference, other factors may be involved in the variability of the effect of Ca2+ on the channel lifetime in these cells, since opposite observations were made for Rana pipiens (CoHEN and VAN DER KLOOT, 1978; MAGLEBY and WEINSTOCK, 1980) . Ca2+ might have bimodal effects on the channel lifetime depending on the range of (Ca2+)o altered and other factors (cf. CoHEN and VAN DER KLOOT, 1982) . The mechanism of Ca2+ actions. Various mechanisms have been proposed for the effect of Ca2+ on the end-plate conductance. Many of these proposals, however, seem to be incompatible with what we have observed in the present experiments. First, the hypothesis of a competitive blocking action of Ca2+ at the binding site of the ACh receptor for ACh (NASTUK, 1967) is inconsistent with the observation that overall dissociation constant was unchanged at an increased (Ca2+)o. Secondly, the negative surface charges close to the ion channel presumably increases the local concentration of permeant ions. This effect would be greater for divalent ions than monovalent ions (cf. ADAMS et al., 1980) , causing a much greater concentration of Ca2+ on the surface of the membrane. Consequently, the contribution of Cat to the channel current would increase to a greater extent. Under this condition, the conductance of the ion channel would decrease, since the permeability of Ca2+ is much lower than Na+ (ADAMS et al., 1980) . However, theoretical consideration simply based on the effect of surface potential on the ion permeation failed to account for the greater reduction in the single channel conductance (LEWIS, 1979) . The negative shift of the reversal potential at an increased (Ca2+)o cannot simply be explained by the effect on the local Na+ concentration, since the latter effect would be cancelled out by the contribution of a change in the surface potential to the observed reversal potential. Furthermore, the unchanged channel lifetime at a high (Ca2+)o observed in the present study is not consistent with the idea that the screening effect of Ca2+ on the surface charge of the membrane caused an increase in the voltage gradient in the membrane which would have lengthened the channel lifetime (CoHEN and VAN DER KLOOT, 1978) .
Thirdly, the screening effect of external Ca2+ might reduce the local concentration of ACh at the surface of the membrane, which would be normally high due to the negative surface potential ( VAN DER KLOOT and CoHEN, 1979) . If this is the case, however, the apparent dissociation constant would have been increased. Fourthly, LEWIS and STEVENS (1979) proposed a model based on the rate theory, in which they assumed that Na+, K+, and Ca2+ compete at a binding site in the pore of the ion channel. The occupation of this site by Ca2+ would prevent the passage of Na+ or K+, thus reducing the conductance. This model would also predict an increase in the channel lifetime of opened form, since such an occupation of the site by less mobile ions such as Ca2+ would keep the channel in the opened conformation ( VAN HELDEN et al., 1977; AsCHER et al., 1978; TAKEDA et a!., 1982; FIERKERS and HENDERSON, 1982) . In the present experiments, however, there was no elongation of the channel lifetime at a high (Ca2+)o.
Finally, a mechanism which remains not to be refuted would be that Ca2+ acts to a site on the ACh receptor-ion channel complex other than that in the channel path (cf. BAMBERG and LAUGER, 1977) . The binding of Ca2+ to this site would raise the energy barrier for ion permeation and result in the decreased conductance, and alter ion selectivity. Since other divalent cations such as Zn2+ and Ni2+ affected the single channel conductance similarly to Ca2+ (MAGLEBY and WEINSTOCK, 1980; TAKEDA et al., 1982) , this site may not be highly specific to Ca2+. The rather nonspecific effects of divalent cations might also rule out the possibility that the depressant effect of Ca2+ results from phosphorylation of the ACh receptor through activation of calmodulin (SMILowITz et al., 1981) .
